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INTRODUCTION
The long-term geodynamic evolution of passive margins along the cycle from collision to rifting to postrift drifting is fundamental to understanding global continental tectonics. A primary feature of the topographic, thermal, and erosional evolution observed along many passive margins is the creation and erosional retreat of a rift-flank shoulder and escarpment (e.g., Moore et al., 1986; Gallagher et al., 1994 Gallagher et al., , 1995 Persano et al., 2002; Gunnell et al., 2003; Braun and Van Der Beek, 2004; Spotila et al., 2004; Persano et al., 2005; Spotila, 2005) . In many locations, evidence has also recently been identified for complex uplift and erosional histories related to intraplate tectonic reactivation, dynamic uplift, and erosional disequilibrium (e.g., Roden-Tice and Tice, 2005; West et al., 2008; Prince et al., 2010; Cogné et al., 2011; Rowley et al., 2013; Amidon et al., 2016) . However, the degree to which such complex histories are punctuated by tectonic and erosional events and the norm for passive-margin evolution remain unquantified. Likewise, the spatio-temporal evolution of such events along individual passive margins has yet to fully emerge due to limited data.
Low-temperature thermochronometry has served as a useful tool for quantifying the exhumation pattern and history of old orogens along rifted passive margins. Although first-order trends generally emerge for individual passive margins, such as seaward-younging trends in apatite fission-track (AFT) and (U-Th)/He (AHe) dating (e.g., Moore et al., 1986; Gallagher et al., 1994 Gallagher et al., , 1995 Gunnell et al., 2003; Spotila et al., 2004; Persano et al., 2005) , dense data in specific locations often reveal punctuated histories and spatially heterogeneous patterns that depict a more complex evolution (e.g., McKeon et al., 2014; Amidon et al., 2016) .
One such place is the North Atlantic passive margin of northwestern Scotland (Fig. 1) , where recent thermochronologic investigations have revealed complex local histories with multiple stages of postorogenic burial and exhumation (Thomson et al., 1999; Japsen et al., 2006 Japsen et al., , 2009 Jolivet, 2007; Persano et al., 2007; Holford et al., 2009 Holford et al., , 2010 . Whether these histories are representative of the entire passive margin, or instead represent only local evolution, with as-of-yet unsampled locations possibly displaying different, but equally complex, histories, remains to be tested. This includes the possibility that some unstudied locations, including the higher-relief areas of the Scottish Highlands, may exhibit pulses of rapid late Cenozoic exhumation that may be attributable to Quaternary climate change. Some aspects of published local exhumation histories conflict with the offshore depositional record (Knott et al., 1993; Doré et al., 2002; Evans et al., 2005; Stoker et al., 2005a Stoker et al., , 2005b Stoker et al., , 2005c Anell et al., 2009 ) and geologic and geomorphic field relationships (Watson, 1985; Hall, 1991; Hall and Bishop, 2002) . This suggests more work is required to quantify the spatio-temporal heterogeneity in Spatially heterogeneous burial and exhumation across the Scottish Highlands | RESEARCH cooling and exhumation of this passive margin, with the ultimate goal of better understanding the role of local punctuated tectonic and geomorphic events in the geodynamic evolution of passive margins.
In this study, we refine the postcollision and postrift exhumation history of the Scottish Highlands by analyzing the thermal history of seven field sites across an ~100 km transect using AHe thermochronometry (Fig. 2) . The transect runs from the coast into the interior of the Scottish Highlands (including the highest-relief areas) and crosses several important geologic and topographic features that could locally be responsible for enhancing or minimizing exhumation. Our results build on the already extensive constraints for the thermal and erosional evolution of this region and provide insight into the potential drivers of punctuated exhumation along passive margins.
BACKGROUND Geologic Setting
The Scottish Highlands, which exhibit up to ~1 km relief, have not experienced active plate-boundary tectonic motions over the past ~50 m.y. (Fig. 1) . The last mountain building event to affect Scotland was the Cambrian-Devonian Caledonian orogeny, which led to the closure of the Iapetus Ocean (McKerrow et al., 2000) . Subsequent extension led to basin formation in the late Paleozoic and early Mesozoic (Doré et al., 2002; Nielsen et al., 2009) , which was followed by a period of relief reduction until the Late Cretaceous, by which time the region had been reduced to low relief and experienced significant marine transgression (Hall, 1991) . 
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Adapted from Le Breton et al., 2012 Porcupine Basin www.gsapubs.org | Volume 10 | Number 3 | LITHOSPHERE Atlantic rifting along the northwest margin of Scotland was long-lived and volcanic in nature, peaking in the early Eocene (Doré et al., 1999) . During continental breakup, western Scotland passed over the proto-Icelandic plume to produce the British Paleogene igneous complex (62-55 Ma; Anell et al., 2009; Fig. 2) . Seafloor spreading continues today along the Mid-Atlantic Ridge, ~1000 km west of Scotland (Fig. 1) . The Cenozoic topographic history of the Scottish Highlands and the origin of modern relief are not fully understood. Topographic ruggedness may in part result from glacial erosion. Scotland and much of the southern part of the British Isles experienced numerous continental-scale glaciations from ca. 2.4 Ma (Shackleton and Hall, 1984; Ballantyne, 2010; Lowe and Walker, 2015) until the retreat of the last glacial event in Scotland after the termination of the Loch Lomond readvance, at ca. 11.7 ka ( Fig. 2 ; Golledge, 2010; Ballantyne and Stone, 2012) . The influence of glaciation on modern topography is evident from the presence of "U"-shaped valleys, cirque headed tributaries, and hanging valleys (e.g., Jansen et al., 2011; Whitbread et al., 2015) . However, it remains uncertain what portion of the estimated average of <1-2 km of exhumation across the Scottish Highlands since the Devonian (Watson, 1985; Hall, 1991; Hall and Bishop, 2002) can be attributed to glacial processes.
Post-Caledonian Exhumation and Burial
Low-Temperature Thermochronometry
There have been several key studies using low-temperature thermochronometry to understand the cooling history of Scotland. Persano et al. (2007) interpreted a continuous 400 m.y. cooling history with no reburial/ heating events and a spike in cooling in the early Cenozoic (61-53 Ma) for Clisham and Sgorr Dhonuill in western Scotland and the Hebrides, based on AHe, AFT, and offshore depositional data (Clift et al., 1998; Fig. 2; Fig. DR1 1 ). They attributed the Cenozoic cooling pulse to magmatic underplating associated with emplacement of the Paleogene igneous complex. Jolivet (2007) attributed differences in Paleozoic cooling evident in AFT data at Loch Ness and Loch Linnhe to vertical movements of the Great Glen fault during a state of late Carboniferous-early Permian reactivation ( Fig. 2; Fig. DR1 [see footnote 1]). No evidence for reheating/ burial was found, but Jolivet (2007) did interpret a pulse of accelerated cooling at 40-20 Ma to result from ~1.6 km of rock uplift associated with far-field tectonic forces. Thomson et al. (1999) interpreted a single reheating/burial event to below 110 °C at 350-220 Ma and subsequent monotonic cooling (including ~1 km total Cenozoic exhumation), based on AFT data from the northern Scottish Highlands ( Fig. 2; Fig. DR1 [see footnote 1]). AFT ages from northern Scotland in the Skye igneous complex and margins of the Minches Basin, however, imply accelerated cooling interpreted to result from Paleogene igneous activity (Thomson et al., 1999; Fig. 2) .
More recent work by Holford et al. (2010) reconstructed the cooling history of Scotland's western coast and islands (West Orkney Basin, Hebrides Sea, Isles of Skye, Mull, and Morvern), based on 79 AFT ages on basement and cover rocks, including one interior sample from near Loch Ness ( Fig. 2; Fig. DR1 [see footnote 1]). Modeling of AFT ages and tracklength distributions indicated cyclic post-Caledonian reheating/burial and cooling/exhumation, including major exhumation phases in the Middle 1 GSA Data Repository Item 2018139, which includes a map of apatite helium and fission track ages from prior work across the Scottish Highlands, apatite helium ages versus effective uranium for all age determinations in this study, a table  showing forward model input parameters, and results and preliminary discussion  of apatite   4   He/   3 He themochronometry work done for this study but which failed to produce any acceptable cooling paths, is available at http://www.geosociety.org /datarepository /2018, or on request from editing@geosociety.org. Triassic, Early Cretaceous, , with total Cenozoic exhumation of ~1-3 km. The exhumation history at the Isle of Morvern was particularly well constrained, due to the preservation of Pennsylvanian, Triassic, Early Jurassic, and Late Cretaceous sedimentary rocks. Holford et al. (2010) presented a complex ninestage model of this history, which includes post-Caledonian exhumation to 350 Ma, reheating/burial to >110 °C by 250 Ma, cooling/exhumation to the surface by 200 Ma, reheating/burial to 75 °C by 130 Ma, cooling/ exhumation to the surface by 65 Ma, sharp magmatic-related heating to 95 °C at 60 Ma (i.e., Paleogene igneous complex), cooling to 35 °C by 55 Ma, reheating/burial to 65 °C at 15 Ma, and late Cenozoic exhumation to the modern surface. Based on similarity between some aspects of this history and that found near the Great Glen fault (Jolivet, 2007) , Holford et al. (2010) hypothesized that key elements of the complex nine-stage Morvern history apply to the broader Scottish Highlands, although this conflicts with interpretations based on other regional data (Thomson et al., 1999; Persano et al., 2007) . Preferred explanations for the multiple stages of exhumation and burial are postorogenic basin formation, regional, kilometer-scale rock uplift driven by continent-ocean boundary mantle convection, and epierogenic tilting and/or intraplate compression transmitted from the Alpine orogeny and Mid-Atlantic Ridge (e.g., Knott et al., 1993; Praeg et al., 2005; Stoker et al., 2005b Stoker et al., , 2005c Holford et al., 2009 Holford et al., , 2010 Stoker et al., 2010) .
Offshore Record
The depositional record offshore the Atlantic coast provides additional insight into episodes of burial and exhumation of western Scotland. Four major Cenozoic unconformities in the offshore stratigraphic record are thought to result from episodes of rock uplift and exhumation. Holford et al. (2009) integrated this record of offshore unconformities in the context of unconformities in basins traced from Norway to Ireland and AFT-based cooling histories from the British Isles and North Atlantic margin to generate a model of regional exhumation. This synthesis suggests four distinct, regionally extensive (affecting 10 6 km 2 ) exhumation episodes in the Early Cretaceous (120-115 Ma), early Cenozoic (65-55 Ma), mid-Cenozoic (40-25 Ma), and late Cenozoic (20-15 Ma). Holford et al. (2009) hypothesized that these regional events were produced by the proto-Icelandic plume and intraplate transmission of regional compression and associated rock uplift. This model is consistent with the cooling history interpreted for western Scotland based on AFT data by Holford et al. (2010) . Green and Duddy (2010) similarly suggested that Cenozoic unconformities flanking the British Isles may be correlated across the Arctic, further suggesting that pulsed Cenozoic exhumation events spanned a broad area across the North Atlantic. If correct, the Holford et al. (2009) model of regional pulsed exhumation, which is chronicled by the cooling model for the Isle of Morvern , should be evident across all of the Scottish Highlands, including regions that have not previously been sampled for low-temperature thermochronometry. Hall and Bishop (2002) suggested that thermochronometry-derived cooling histories and the offshore sedimentary record may overestimate the magnitudes of exhumation and burial in western Scotland. Based on local observations of geomorphology, sediment provenance, reconstruction of former cover-rock extents, and depths of igneous emplacements, Hall and Bishop (2002) and earlier studies (Watson, 1985; Hall, 1991) estimated an average of <1-2 km of exhumation across the Highlands since the Devonian. For example, Hall and Bishop (2002) propose minimally denuded, "ancient" (Devonian and Mesozoic) landscapes in the www.gsapubs.org | Volume 10 | Number 3 | LITHOSPHERE Highlands and in the Lowlands of Buchan and Caithness, as well as local preservation of Devonian volcanics southeast of the Great Glen fault and near-surface intrusive rocks that lack evidence of significant burial (Fig. 2) . These interpretations are inconsistent with results from earlier and subsequent AFT and AHe studies and aspects of the offshore record, however.
Terrigenous Geologic Record
One inherent limitation with using offshore sediment volumes to restore exhumation is the problem of uncertainty in provenance and basin limits. For example, Scotland's Mesozoic peripheral basins may have received sediment contributions from Fennoscandia (Ziegler, 1981) , as well as intrabasinal sediment recycling from submarine structural highs (Hall, 1991; Hall and Bishop, 2002) . Likewise, thick Carboniferous sediment in Moray Firth, the Midland Valley, and on Morvern need not have been sourced from the Highlands, where geologic evidence implies preservation from denudation. Similarly, an inherent limitation in thermochronometry is that local data need not extrapolate across a wider region. Based on the geographic extent of quantitative thermochronometry in Scotland thus far, the onshore and offshore records of exhumation and sedimentation match (Holford et al., 2009 , but this may not be the case across all areas of northwest Scotland. Reconciling this and testing the degree of heterogeneity in exhumation patterns and histories require, in part, obtaining additional thermochronometry data from the many locations not yet sampled.
METHODS
Experimental Design and Sampling Strategy
We collected 15 bedrock samples from seven field sites in a NW-SEtrending transect to test for heterogeneity in Cenozoic exhumation across the central Highlands of Northwest Scotland. The transect starts on the Isle of Skye and ends in Scotland's interior at Loch Laggan, crossing several important features that could be responsible for locally enhancing or minimizing exhumation (Figs. 2 and 3 ). These features include the Paleogene igneous complex, the Moine thrust, and the Great Glen fault, as well as increasing distance from the Atlantic margin to the interior of Scotland.
The western end of our sample transect consists of one low-elevation sample of a Paleogene intrusive rock from the Isle of Skye. Crossing into mainland Scotland over the Moine thrust, the second sample is a lowelevation Neoproterozoic psammite from Invershiel. While this rock was not emplaced as part of the Paleogene igneous complex, it sits close to the igneous center (Fig. 2) , and the closest Paleogene-aged dike is <10 km from the sample site at Invershiel (Fig. 3 ). An age-elevation profile from near Loch Cluanie is next on the transect. The Cluanie site has slightly <1 km of relief and is located in the center of the Northern Highland terrane, halfway between the Moine thrust and the Great Glen fault. The next two samples are from Inverness and Glenfinnan, both of which are low-elevation samples from just northwest of the Great Glen fault (Fig. 3) . The Invergarry sample was taken just south of Loch Ness, very close to the Jolivet (2007) profile, while the Glenfinnan sample was taken further south near Loch Linnhe. The sixth location consists of an age-elevation profile at Ben Nevis (Fig. 3) just southeast of the Great Glen fault. The final, furthest-inland site consists of a pair of low-and high-elevation samples taken in profile near Loch Laggan in the Grampian Highland terrane, ~20 km southeast of the trace of the Great Glen fault. Sample lithologies for all samples, including psammites and granitoids (Table 1 ; British Geological Survey, 2012), were chosen because they generally yield enough apatite for analysis. We analyzed the AHe-derived cooling histories of each of these seven study sites independently to see if they share common or differing post-Caledonian exhumation and burial histories.
Thermochronometry Methods
Apatite (U-Th)/He (AHe) thermochronometry is based on radiogenic production and thermally controlled diffusion of 4 He (Farley, 2000; Farley and Stockli, 2002; Ehlers and Farley, 2003) . Effective closure temperature is typically 55-75 °C (Dodson, 1973; Wolf et al., 1998; Farley, 2000; Shuster et al., 2006) , making it the one of the lowest thermochronological systems (Reiners and Brandon, 2006) . The temperature range between ~40 °C and 85 °C is known as the partial retention zone, where 4 He is neither fully retained nor lost from the crystal (Wolf et al., 1998) . Effective closure temperature is dependent on cooling rate, grain size and shape, and the amount of radiation damage that has accumulated (e.g., Dodson, 1973; Farley et al., 1996; Farley, 2000; Shuster et al., 2006; Flowers et al., 2009 ). The effects of varying effective closure temperatures, reheating and partial or total resetting of ages, and residence in the partial retention zone complicate resulting measured apparent AHe ages and use of the technique to determine quantitative time-temperature reconstructions.
We measured AHe ages at Virginia Tech on single and multigrain aliquots (typically ~3 grains/aliquot) from each sample. The number of aliquots analyzed per sample ranged from 4 to 13, because, in some cases, many replicates were required to yield robust mean ages. Although singlegrain analyses were performed using larger (~100 µm radius) grains, generally only uniform sized grains, averaging ~60 µm radius, were used in multigrain aliquots ( Reiners and Nicolescu, 2006) . Apatite mass was estimated using both geometrically calculated crystal volume from observed crystal shapes and assumed density, as well as direct observations of mass via ICP-MS measurement of Ca content of dissolved crystals. Average effective U (eU = U + 0.235 × Th) is a parameter that essentially converts Th into U with respect to the amount of He that is produced during decay of those isotopes. Our samples average eU ranged from 4.2 to 69.6 ppm ( Table 1) . We applied an F T correction to all aliquots to account for He loss due to alpha ejection prior to calculating age (Farley et al., 1996) .
Apatite quality and frequency were variable among samples, corresponding to variation in AHe age reproducibility (Table 1) . While clear, inclusion-free apatite was abundant in some samples, other rocks exhibited rare apatite or high occurrence of micro-inclusions and other grain flaws, including fractures, fluid inclusions, and high opacity. Samples with poor-quality apatite generally yielded less-reproducible AHe ages and required higher numbers of replicate analyses. In some cases, individual age determinations were significantly (often hundreds of millions of years) older than the bulk of replicates for a sample (Table 1) . We expect these anomalously old age determinations were caused by 4 He contamination from radiogenic micro-inclusions, parent zoning, or 4 He implantation (Farley and Stockli, 2002; Shuster et al., 2006) . As these anomalously old ages are not representative of sample cooling history, we removed them from the data prior to calculation of mean apparent AHe ages. We arbitrarily defined outliers as individual age determinations that were ±50% of the mean age (calculated iteratively; Table 1 ). After culling such outliers (which composed 18% of individual age determinations in the study, all of which were older than mean ages), the average standard deviation (our reported sample error) of mean AHe ages was 17% (1σ;
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www.gsapubs.org | Volume 10 | Number 3 | LITHOSPHERE Table 1 ). This dispersion in measured apparent AHe ages about the mean did not systematically correlate to grain-size variations between aliquots. The observed variance in ages was higher than the 5% (1σ) predicted cumulative uncertainty for AHe ages based on analytical precision and reproducibility of the Durango fluorapatite standard, consistent with general findings that natural samples reproduce more poorly than standards (Farley and Stockli, 2002; McDowell et al., 2005) . However, it was within the range of mean 1σ error observed in recent studies at Virginia Tech, ranging from 12% (Spotila and Berger, 2010) to 22% (Tranel et al., 2011; Valentino et al., 2016) , the larger of which utilized samples with similarly poor apatite quality as observed here. Previous work has demonstrated that high parent atom concentration, or eU, can increase helium retentivity in apatite due to accumulation of radiation damage Shuster et al., 2006; Flowers et al., 2007) . In some cases, particularly in slowly cooled terranes, this can explain high age dispersion and anomalously old AHe ages that are discrepant relative to other dating systems, such as AFT (e.g., Flowers et al., 2007; Flowers and Kelley, 2011 ). This does not appear to explain the full range of dispersion in our measured ages, however, as eU does not correlate to measured age for the anomalously old ages that were culled from the data set ( Fig. DR2 [footnote 1]). Measured ages that were not considered outliers did exhibit rough positive correlations with eU ( Fig. DR2) , however, suggesting radiation damage may have affected diffusion characteristics and produced some of the observed age dispersion. The effect of eU and He retentivity on thermal histories consistent with our measured apparent AHe ages was taken into account using the diffusion systematics of the Radiation Damage and Annealing Model (RDAAM) of Flowers et al. (2007) when modeling thermal histories using the thermal modeling program QTQt (Gallagher et al., 2005; Gallagher, 2012) .
We also conducted apatite 4 He/ 3 He thermochronometry on several samples (ScT1, ScT2, ScT10, and ScT11) to better constrain the most recent cooling history of the Highlands. Apatite 4 He/ 3 He thermochronometry can more tightly constrain the continuous temperature-time (T-t) path of an individual apatite as it cooled through the partial retention zone than AHe ages alone by matching modeled cooling paths to the measured diffusion profile of 4 He across an apatite Farley, 2004, 2005 ; see supplement 4 for a full discussion [footnote 1]). The diffusion profiles for samples ScT1, ScT10, and ScT11 failed to produce any acceptable cooling paths (Fig. DR3 [footnote 1] ). While we do not know the exact reason why these samples failed, there are different analytical possibilities, including a spatially nonuniform distribution of parent U and Th, 4 He-rich inclusions, or other as-yet-unknown systematics that can significantly influence the distribution of 4 He throughout a crystal, affecting the final form of the diffusion distribution Farley, 2004, 2005) . As such we cannot use the data for ScT1, ScT10, and ScT11. The diffusion profile for ScT2 did produce acceptable cooling paths when we removed the outer portion of the diffusion profile that plotted outside of end-member envelopes, indicating a uniform initial distribution of 4 He Farley, 2004, 2005 ; see also Fig. DR3 [footnote 1] ). Again, this indicates the possibility for analytical factors to have affected the final form of the diffusion distribution, in this case, possibly a 4 He-rich inclusion near the grain edge Farley, 2004, 2005 ). Since we did not measure U and Th distributions within any of the sampled crystals prior to dissolution for parent isotope measurement, we are unable to assume parent nuclide distributions or determine the actual cause of the failure of the diffusion profiles to produce acceptable cooling paths. Apatite 4 He/ 3 He data and a full discussion of preliminary analysis for samples ScT1, ScT2, ScT10, and ScT11 can be found in supplement 4, Table DR2 , and Figure DR3 (footnote 1).
The possibility of zonation of parent isotopes in samples analyzed for 4 He/ 3 He calls into question whether apatite analyzed for AHe ages may have been zoned. The alpha ejection correction method (F T correction; Farley et al., 1996) assumes a uniform distribution of 4 He, but zoned apatite may eject more or less 4 He than uniform apatite. Trace-element zonation was not apparent in apatite from sample ScT12 based on scanning electron microscopy cathodoluminescence imaging, but zonation was not otherwise investigated. This leaves open the possibility that some samples were affected by parent isotope zonation, which may have contributed to the observed age dispersion.
Time-Temperature Modeling Based on Measured Ages
We used the thermal modeling program QTQt (Gallagher et al., 2005; Gallagher, 2012) to carry out both forward and inverse modeling to assist in interpretation of the samples' T-t histories. We chose to use QTQt because it allows for the input of multiple samples in a vertical profile to derive a single cooling history. Our samples approximate a vertical profile and were collected at various elevations at the surface from peaks down to valleys (e.g., Huntington et al., 2007) . To account for the effects of radiation damage in our samples, we used the diffusion systematics of RDAAM from Flowers et al. (2007) in all model runs. While the modern geothermal gradient in Scotland is 25.3 °C km -1 , paleogeothermal gradients across Scotland may have been as high as 60 °C km -1 during times of higher heat flow, such as in the early Cenozoic and Carboniferous (e.g., Thomson et al., 1999; Persano et al., 2007; Holford et al., 2010) . Therefore, following Thomson et al. (1999) , we used a typical geothermal gradient of 30 °C km -1 for models, but we addressed the impacts of a possibly changing geothermal gradient. We input the modern-day surface temperature as 10 °C for all models based on an average of recorded temperatures from the UK Met-Office (2013). For the three age-elevation profiles, we offset the temperature of the lowest-elevation sample below the highest-elevation sample based on their elevation difference and the 30 °C km -1 gradient, resulting in a temperature offset of 22 °C at Cluanie, 24 °C at Ben Nevis, and 13 °C at Loch Laggan. During inverse modeling, we allowed temperature offset to vary throughout T-t history. At t = 0 Ma, we prescribed there to be no offset in temperature between high-and low-elevation samples, because low relief and typical lapse rate imply only a slight difference in ambient surface temperature.
QTQt forward modeling allows for calculation of expected AHe ages based on the input of defined cooling paths for samples. We used forward modeling in QTQt to determine if all, or only some, of the burial and exhumation cycles at Morvern from Holford et al. (2010) were compatible with our measured AHe ages. For the three sample areas with ageelevation profiles, the thermal histories shown are for the highest-elevation samples (Fig. 4) . The first input thermal history, forward model 1 (FM-1) , included the entire nine-step thermal history of Morvern from see also Fig. 4 ; Table DR1 ). Seven other models were run that incrementally simplified the initial model, by removing the most recent step in the cooling history. For example, thermal history FM-2 skips the late Cenozoic heating and burial to 65 °C at 15 Ma. The simplest model, FM-8, involves monotonic cooling to the surface from a starting point of 35 °C at 350 Ma ( Fig. 4 ; Table DR1 ). The sample from the Isle of Skye is itself a Paleogene igneous complex plutonic rock (British Geological Survey, 2012) . Therefore, for the Isle of Skye, only models FM-1 and FM-2, the only two models impacted by Paleogene igneous heating, were tested, and all heating and cooling events occurring prior to the Paleogene were removed (Fig. 4) . The reasoning behind eliminating steps in this manner was to determine the level of complexity in the cooling history required by the AHe data. The simpler cooling histories resembled those www.gsapubs.org | Volume 10 | Number 3 | LITHOSPHERE suggested in other studies (e.g., Thomson et al., 1999; Hall and Bishop, 2002; Persano et al., 2007) . We used plots of all individual AHe age determinations predicted from the models versus observed individual AHe age determinations for each sample aliquot to illustrate the best-fit model (Fig. 4) . Specific T-t inputs for all models are provided in Table  DR1 (footnote 1) .
We also ran inverse models using QTQt for the three locations with age-elevation profiles (Cluanie, Ben Nevis, and Loch Laggan). For each model run, the only T-t point we constrained was the initiation point at 35 °C at 350 Ma , indicating exhumation of basement rock nearly to the surface following the end of the Caledonian orogeny. Extensive exhumation of the Caledonian Mountains by 350 Ma is also consistent with observations of Watson (1985) and Hall and Bishop (2002) , which suggest Devonian unroofing of the post-Caledonian Newer Granites by the end Devonian. All models allowed the offset temperature between the highest-and lowest-elevation samples to vary through time; this allowed the production and destruction of relief to influence the cooling paths. For each inverse model, we ran 150,000 model iterations and allowed burial to influence the output T-t path. We report both "maximum likelihood" and the preferred "expected" model outcomes ( Fig. 5 ; Gallagher et al., 2005) . The maximum likelihood models attempt to best predict the output age with no regard for model complexity (i.e., the number of T-t nodes in the output thermal history), while the expected model best fits the data while minimizing complexity of the predicted thermal history.
RESULTS
Thermochronometry Results
Average apparent AHe ages from the study range from 31.2 ± 5.2 Ma to 363.4 ± 31.4 Ma (Table 1; Fig. 3 ). The three ages from the Ben Nevis profile range from 83.3 ± 20.8 Ma to 277.2 ± 24.4 Ma, the five ages from the Cluanie profile range from 184.7 ± 42.7 Ma to 292.7 ± 46.0 Ma, and the two ages from Loch Laggan profile range from 304.7 ± 31.4 Ma to 363.4 ± 28.4 Ma ( Fig. 3 ; Table 1 ). Within error, all sample ages in ageelevation profiles increased with a positive, linear trend with elevation (Fig. 3) . The single ages from the other regions are 56.3 ± 17.9 Ma at Invershiel, 205.1 ± 45.8 Ma at Invergarry, 31.2 ± 5.2 Ma at the Isle of Skye, and 161.0 ± 33.5 Ma at Glenfinnan (Table 1; Fig. 3 ).
Several samples exhibited extreme age dispersion and could not be interpreted, despite their potential importance for constraining the cooling history of the region. One such sample, ScT12, a granitic, low-elevation (57 m above mean sea level [amsl] ) sample from the Ben Nevis profile, had an average AHe age of 14.6 Ma (Table 1) . Such a young age could have significant implications on Scottish Cenozoic exhumation and burial, if correct. However, ScT12 reproduced very poorly, with 58% anomalous aliquots (of n = 12; Table 1), and therefore we do not trust the age to be accurate or interpretable. Due to the possible importance of such a young age, we resampled another low-elevation sample, ScT16-1 (44 m amsl; Table 1 ) from a different lithology (psammite) at the same location, but this had no reproducible age determinations and also had to be excluded from interpretations (Table 1 ). Why samples from two different lithologies in this location failed to yield reproducible ages is unclear. The fact that a low-elevation sample from near Ben Nevis could record Neogene cooling should be viewed as a lingering possibility.
The age-elevation profiles yielded gradients that are typically associated with slow time-averaged exhumation or prolonged stasis in the He partial retention zone. The slope of all three age-elevation profiles predicts a slow average exhumation rate of <0.01 mm/yr applicable to the Permian to Early Jurassic at Cluanie, the Permian to Late Cretaceous at Ben Nevis, and in the Carboniferous at Loch Laggan (Fig. 3) . The degree to which observed age-elevation gradients represent the actual exhumation rates during those periods, as opposed to prolonged durations in the partial retention zone or reheating and partial resetting, is best addressed via results of our modeling of thermal histories based on measured AHe ages (see following section).
Results of the 4 He/ 3
He analysis failed to produce acceptable T-t trajectories for samples ScT1, ScT11, and ScT12 (see supplement 4, Fig. DR3  [footnote 1] ). Acceptable fit cooling trajectories for ScT2 4 He/ 3 He analysis should be viewed with uncertainty, because the outer portion of the diffusion profile that plotted outside of the uniform initial distribution of 4 He end-member envelope was removed prior to analysis. Acceptable cooling paths for ScT2 hint at the possibility for renewed exhumation in the Cretaceous through the Cenozoic at the Cluanie field site, following a period Carboniferous to Permian exhumation stagnation (see supplement 4, Fig. DR3 [footnote 1] ).
Forward Modeling
Forward models of thermal histories based on measured AHe ages indicate that a single common T-t history cannot account for the measured ages across the seven sample sites. Best-fit forward models for the four single-sample sites (Skye, Invershiel, Glenfinnan, and Invergarry) were chosen because those were the models for which the measured versus model-predicted age determinations intersected the 1:1 best-fit line (Fig. 4) . The best-fit forward model for the Isle of Skye was FM-1, or the complete thermal history of Morvern from Holford et al. (2010) with all pre-Paleogene aged events removed. In this model, apatite cooled quickly following Paleogene igneous crystallization, was subsequently heated in the Cenozoic to 65 °C at 15 Ma, presumably from burial, and was then exhumed to the surface (Fig. 4) . The best-fit forward models for Invershiel were FM-2, FM-5, and FM-7 (Fig. 4) , although FM-2 may be most likely given the proximity to the Paleogene igneous province (Fig. 3) . The only elements missing from FM-2 relative to FM-1 are Neogene burial and reheating. Glenfinnan's best-fit models included FM-3, FM-4, and FM-6, all of which involve heating in the late Carboniferous and cooling by the Early Jurassic. Models FM-3 and FM-4 included reheating in the Late Jurassic. Invergarry's best fit was model is FM-6 (described above; Fig. 4) .
For the three sample sites with age-elevation profiles (Cluanie, Ben Nevis, and Loch Laggan), the best-fit forward models were not those where the measured versus model-predicted age determinations simply intersected the 1:1 best-fit line. Rather, a best fit for these sample sites required the measured age-elevation relationship to be recreated by the model predicted ages (i.e., the measured vs. predicted ages needed to lie along the 1:1 best-fit line's slope rather than simply intersect it; Fig. 4 ). For example, in the Cluanie forward models, FM-6 did predict some individual age determinations well, but model FM-8 (monotonic cooling from the starting point) was a much better fit for Cluanie's age-elevation relationship (Fig. 4) . FM-8 was also the best-fit inverse model for Loch Laggan. For Ben Nevis, no single model fit both the older higher-elevation age determinations and the lower-elevation younger age determinations. Thus, it was not possible to define a best-fit forward model for Ben Nevis via this set of forward models, but we can exclude model FM-1, because it underpredicted all Ben Nevis age determinations.
Inverse Modeling
One of the motivations for inverse modeling in the three profile locations (Cluanie, Ben Nevis and Loch Laggan) was the poor performance of the forward models in predicting the age-elevation relationships that we www.gsapubs.org | Volume 10 | Number 3 | LITHOSPHERE observed. Based on inconsistencies with existing models, it was necessary to use inverse modeling to explore new cooling histories (Fig. 5) . We report both "maximum likelihood" (the T-t history that best predicted the measured age determinations with no regard for model complexity) and the preferred "expected" (the T-t history that best fit the data while minimizing complexity) model outcomes ( Fig. 5 ; Gallagher et al., 2005) . Inverse modeling of the Cluanie profile output T-t histories that predicted slight burial and reheating by the end Carboniferous, followed by continuous slow cooling to the surface. Inverse modeling of the Loch Laggan profile output T-t histories indicating slow monotonic cooling of both samples from the starting point to the surface without any reheating (Fig. 5) . At Ben Nevis, inverse modeling predicted one stage of heating starting in the early Carboniferous and reaching highest temperatures in the Early Jurassic, followed by a short pulse of relatively quick cooling (Fig. 5) . Subsequently, the samples experienced monotonic, but differential cooling between highest -and lowest-elevation samples to the surface. Inverse model results at Cluanie and Loch Laggan did a good job at predicting the age-elevation relationships that we observed (Fig. 5) . However, at Ben Nevis, the highest-elevation measured age determinations were still underpredicted by the inverse model-predicted age determinations (Fig. 5) , and it was still not possible to define a best-fit T-t model for Ben Nevis.
DISCUSSION
Comparison of Apparent AHe Ages to Previous Work
All apparent AHe ages are younger than their lithostratigraphic age (British Geological Survey, 2012) , and most are consistent with the range of previous AFT and AHe ages taken from Scotland, which range from ca. 300 Ma to ca. 50 (Thomson et al., 1999; Jolivet, 2007; Persano et al., 2007; Holford et al., 2010;  Fig. DR1 ). There were several exceptions, however. Despite the lower closure temperature of AHe thermochronometry, both samples from the Loch Laggan profile (ScT7 and ScT8; ca. 305 and ca. 364 Ma, respectively) were older than previously reported AFT ages from the Scottish Highlands ( Fig. 3; Fig. DR1 ). These apparent AHe ages were not taken from the same locations as the younger AFT ages, so it is feasible that these disparities result from spatially heterogeneous thermal histories across Scotland. These oldest apparent AHe ages, as well as ages from the highest samples at Cluanie and Ben Nevis (ScT3 and ScT9; ca. 280 and ca. 290 Ma, respectively), were also older than the oldest low-temperature thermochronology ages measured from other passive-margin mountain ranges, including the Appalachians of North America (e.g., Spotila et al., 2004; Roden-Tice and Tice, 2005; Taylor and Fitzgerald, 2011; McKeon et al., 2014) and other margins worldwide (e.g., Gallagher and Brown, 1999) . The oldest AHe ages in Scotland are instead reminiscent of the oldest low-temperature thermochronology ages found in the continental interiors that lie hundreds of kilometers into the hinterland of other passive margins worldwide (Gallagher and Brown, 1999) , such as in the Canadian Shield, where AHe ages range up to 650 Ma (Flowers et al., 2009) . Our data may support the idea that the interior of Scotland was preserved from deep exhumation for hundreds of millions of years, such that the remaining mountain peaks once persisted as part of a stable landscape before being elevated and incised in the Cenozoic (George, 1966; Hall, 1991) . There is also the possibility that these ages are erroneously old due to undocumented effects of radiation damage or other factors on He diffusion in very old crystals (e.g., . The general agreement with other thermochronometers and geologic observations, however, suggests this is unlikely to be the case. As such, we choose to interpret the mean apparent AHe ages as determined, although excluding statistical outliers for each sample.
Heterogeneous Post-Caledonian Cooling Histories
Spatially heterogeneous post-Caledonian heating and cooling are necessary to produce the measured apparent AHe ages at our seven field sites, consistent with previous interpretations of low-temperature thermochronometry in northwest Scotland (e.g., Thomson et al., 1999; Holford et al., 2010) . The addition of these new data permit refinement of the degree of spatial and temporal heterogeneity in postorogenic evolution of the passive margin, which aids in understanding potential geodynamic drivers.
Several distinct periods of post-Caledonian heating and cooling found in previous studies (e.g., Thomson et al., 1999; Jolivet, 2007; Persano et al., 2007; Holford et al., 2009 Holford et al., , 2010 are compatible with the measured apparent AHe ages from some, but not all, of our seven field areas based on forward and inverse QTQt modeling ( Fig. 6; Table 2 ). Proposed possible heating and cooling histories consistent with the measured apparent AHe ages at our seven study areas are displayed in Figure 6 . Multiple possible paths are displayed for some study areas where multiple cooling histories were able to produce our measured apparent AHe ages. Major heating events followed by cooling occurred in (1) the late Paleozoic to early Mesozoic, (2) the Late Jurassic to Early Cretaceous, (3) the Late Cretaceous, (4) the Paleogene, and (5) the Neogene.
Late Paleozoic to early Mesozoic heating and cooling events (events B through C in Table 2 ; Fig. 6 ) were contemporaneous with post-Caledonian extension and the creation of intraplate late Paleozoic and early Mesozoic sedimentary basins that are thought to have buried most of the Scottish Highlands (e.g., Hall, 1991; Thomson et al., 1999; Doré et al., 2002; Nielsen et al., 2009; Holford et al., 2010) . Remnants of this burial event are kilometer-scale Carboniferous sedimentary sections preserved in Moray Firth, the Midland Valley, and on Morvern (Watson, 1985; Hall, 1991; Hall and Bishop, 2002) . The Great Glen fault was likely reactivated as a strike-slip fault during the Permian as a result of basin inversion in the Orkney area (Jolivet, 2007) . This period of burial is compatible with all best-fit forward model iterations at Invershiel, Invergarry, and Glenfinnan, the Cluanie inverse model, and possibly with the poorly fitting Ben Nevis inverse model ( Fig. 6 ; but not the Cluanie best-fit forward models). This suggests that all of those areas may have been buried in the late Paleozoic to early Mesozoic. A deep burial event is not compatible with any model iterations at Loch Laggan, where instead model results suggest slow, steady exhumation (<0.01 mm/yr) during the Carboniferous, similar to the age-elevation profile (Fig. 3) . However, we cannot completely exclude the possibility of shallow burial to temperatures below ~40 °C at Loch Laggan. The late Paleozoic to early Mesozoic burial event is also not applicable to the Isle of Skye, given that the rocks sampled there have younger crystallization ages (Paleogene).
The Late Jurassic to Early Cretaceous heating and cooling events (events D-E in Table 2 ; Fig. 6 ) have been attributed to contemporaneous basin formation in Scotland and burial of the highlands, resulting in the formation of the Jurassic sedimentary rocks that currently outcrop along Scotland's coast ( Fig. 3 ; Holford et al., 2010) . This period of burial and subsequent exhumation is compatible with some, but not all, best-fit forward model iterations at Invershiel and Glenfinnan. The event is not compatible with any model iterations, forward or inverse, at Cluanie, Invergarry, Ben Nevis, or Loch Laggan, and it is not applicable on the Isle of Skye due the sampled rock's Paleogene crystallization age. Late Cretaceous burial and exhumation (events F-G in Table 2 ; Fig. 6 ), attributed to Late Cretaceous marine transgression and chalk deposition (Hall, 1991; Hall and Bishop, 2002; Holford et al., 2010) , are also compatible with some, but not all, best-fit forward model iterations at Invershiel and Glenfinnan.
Paleogene heating and cooling (events H through I in Table 2 ; Fig. 6 ) are considered largely to have been magmatic, rather than a result of burial, www.gsapubs.org | Volume 10 | Number 3 | LITHOSPHERE and were associated with the emplacement of the Paleogene igneous complex (e.g., Hall, 1991; Hall and Bishop, 2002; Persano et al., 2007; Holford et al., 2010) . This event corresponds to an offshore Paleocene unconformity (ca. 62-55 Ma; e.g., Anell et al., 2009) . Rapid cooling after the magmatic event has been attributed to localized uplift due to underplating or exhumation driven by dynamic topographic uplift (Persano et al., 2007; Holford et al., 2010; Cogné et al., 2016) . Paleogene cooling has also been explained by enhanced uplift and exhumation associated with the far-field compressional effects of Atlantic rifting and Alpine orogenesis causing upper-crustal folding and fault reactivation in Scotland (e.g., Jolivet, 2007; Holford et al., 2010; Stoker et al., 2010; Cogné et al., 2016) . Paleogene heating and cooling are compatible with all best-fit forward model iterations on the Isle of Skye and are compatible with some best-fit forward model iterations at Invershiel. The Isle of Skye and Invershiel are both located near the original extent of Paleogene magmatism (Fig. 2) . Paleogene heating is incompatible with all model iterations at Cluanie, Invergarry, Glenfinnan, and Loch Laggan, suggesting that Paleogene heating was localized (Fig. 6) .
The Neogene event (event J in Table 2 ; Fig. 6 ) is thought to have been associated with burial followed by uplift and exhumation due to intraplate compression (e.g., Jolivet, 2007; Holford et al., 2010; Stoker et al., 2010) . This event corresponds with the offshore base-Neogene unconformity (e.g., Anell et al., 2009) . The Neogene event is compatible with all model iterations on the Isle of Skye and possibly with the poorly fitting Ben Nevis inverse model, but it is not compatible with any model iterations in the other field areas, suggesting that this event was localized (Fig. 6) . Enhanced Neogene exhumation on the Isle of Skye may have resulted from differential uplift of the region via warping of Scotland's Atlantic margin by intraplate compression, which created a PaleogeneNeogene scarp between the Cuillins on the Isle of Skye and Cape Wrath (Hall and Bishop, 2002; see also Fig. 2) .
No best-fit forward or inverse model iterations that predict the measured Loch Laggan apparent AHe ages are consistent with post-Caledonian heating events to temperatures greater than 40 °C (Figs. 4, 5, and 6) . This suggests that the Loch Laggan region has not experienced significant burial after 350 Ma, and instead has been slowly exhuming or experiencing crustal stasis. Hall and Bishop (2002) suggested that it is likely that parts of the Highlands have been above sea level and never buried since the end-Caledonian, as sources of sediment rather than basins, and the Loch Laggan site may be one of those locations. The location is in the center of the Grampian Highland terrane, far away from both the Great Glen fault to the northwest and the Highland Boundary fault to the southeast (Fig. 3) . The region may have remained a high point, and possibly sediment source, during periods of intracontinental basin formation and burial. It is also far enough inland to not have been significantly impacted by Atlantic margin tilting during rifting (e.g., Praeg et al., 2005) . The morphology of the Loch Laggan region hosts a high plateau, known as Creag Meagaidh, which is very different than the highly dissected morphology of the rest of the Scottish Highlands, and perhaps can be attributed to the region's long-term stability.
The different T-t paths required to fit measured apparent AHe ages across our field sites (Fig. 6 ), all within ~20-100 km of each other, suggest that different burial, magmatic, and tectonic histories can occur across very short distances, even during the postorogenic evolution of ancient mountain ranges along present-day passive margins. The distances over which these differences are manifest are short, particularly considering that the typical wavelength of exhumational responses to crustal loading and unloading in lithosphere with a typical flexural rigidity is typically several hundred kilometers (Montgomery, 1994) . This suggests some of the differential cooling and burial-exhumation between these sites was driven tectonically (possibly accommodated by local faulting both during basin formation and during exhumation), but was not isostatically compensated.
Cenozoic Exhumation
Total Cenozoic exhumation depths across the study area range from 0.2 to 1.8 km, with larger estimates at the Isle of Skye and Ben Nevis and lower estimates for Loch Laggan and Invergarry (Fig. 7) . These estimates were calculated based on the maximum Cenozoic temperature in the best-fit models for each sample site, a surface temperature of 10 °C, (1, 3, 4, 5, 6) i P aleogene cooling Post-igneous event cooling; uplift and exhumation from underplating and Alpine orogenesis; early and mid-Cenozoic offshore unconformities (1, 4, 7, 8, 9, 10, 11, 12) h P aleogene heating Magmatic heating from North Atlantic rifting and Paleogene igneous complex emplacement (1, 9, 13); formation of Skye Paleogene aged plutonic rock (14) g Late Cretaceous cooling P re-Paleogene magmatic complex exhumation ( . Cenozoic relief reconstructions (dotted line) restored above modern topography are based upon maximum exhumation depths and are not corrected for erosional isostasy, so they should be viewed as relative paleorelief rather than absolute elevations. AHe-apatite (U-Th)/He.
www.gsapubs.org | Volume 10 | Number 3 | LITHOSPHERE and a geothermal gradient of 30 °C km -1 . These estimates are inherently nonunique and should be considered maximum estimates, because the geothermal gradient in the early Cenozoic may have been higher (e.g., Thomson et al., 1999; Persano et al., 2007; Holford et al., 2010) .
Restoration of these estimates of Cenozoic exhumation to the presentday topography illustrates potential Cenozoic relief development (Fig. 7) . At Cluanie, Invergarry, Loch Laggan, Glenfinnan, and Invershiel, the restored exhumation is comparable or less than modern relief and results in smooth topography without deep U-shaped valleys. If a significant fraction of the Cenozoic exhumation occurred in the late Cenozoic, it is thus possible that onset of glacial erosion in the Pliocene-Pleistocene was responsible for significant relief production and generation of the modern landscape, as previously interpreted as the result of polythermal (selective linear) glacial erosion (Shackleton and Hall, 1984; Ballantyne, 2010; Fabel et al., 2012; Herman et al., 2013; Lowe and Walker, 2015; Fame et al., 2018) ; however, our data do not necessarily support this hypothesis. The higher estimates of exhumation from the Isle of Skye, Ben Nevis, and some estimates at Glenfinnan and Invershiel instead suggest greater Cenozoic exhumation than was required to produce modern-day relief, implying additional previous Cenozoic rock uplift and exhumation in addition to whatever glacial erosion produced (Fig. 7) . Exhumation at the Isle of Skye may be overestimated as a result of elevated geothermal gradients during the Paleogene igneous event. However, in all cases, the magnitude of allowable Cenozoic exhumation does not permit excessive, i.e., >1 km, exhumation above the incision necessary to carve out the modern landscape, indicating that late Cenozoic glaciation in this setting did not result in the drastic acceleration of exhumation that has been observed in other tectonic settings (e.g., Herman et al., 2013) .
Restoration of exhumation at Ben Nevis may also imply topographic inversion, in that more exhumation has occurred from lower-elevation samples than needed to incise valleys relative to neighboring peaks (Fig. 7) . This may help explain why no forward models, which did not allow for such magnitudes of changing temperature offset and relief development, could recreate the observed age-elevation relationship there (Fig. 4) . The need for this topographic inversion goes away if the Cenozoic geothermal gradient was as high as 60 °C km -1 or if the highestelevation samples were not completely reset during late Paleozoic to early Mesozoic reheating, however. More data and analysis of these results in three-dimensional thermo-kinematic models are ultimately required to refine these estimates.
Scotland's Heterogeneous Passive-Margin Evolution
New and existing thermochronometry from northwest Scotland is similar in a rough sense to the pattern of low-temperature ages observed along many other passive margins, in that apparent ages increase with distance from the coast or former rifted margin (Fig. 3) . This pattern has been observed in numerous other passive margins and is typically explained in a context of erosional retreat of rift-flank escarpments, e.g., Eastern Brazilian Escarpment (Gallagher et al., 1994 (Gallagher et al., ,1995 , Southeast Australian Escarpment (Moore et al., 1986; Persano et al., 2002 Persano et al., , 2005 , Western Ghats of India (Gunnell et al., 2003) , and Blue Ridge Escarpment of the Appalachians (Spotila et al., 2004) . In detail, however, it is clear that significant heterogeneity in cooling, burial, and exhumation is required to explain the data in Scotland. Similar heterogeneity has been observed in other passive margins as well, and it has been variously explained by erosional disequilibrium (Prince et al., 2010) or local tectonic reactivation associated with intraplate compression (e.g., Braun and Van Der Beek, 2004; Pe-Piper and Piper, 2004; West et al., 2008; Cogné et al., 2011; Amidon et al., 2016 ). Yet, the complexity of the thermal evolution of northwest Scotland, as now defined by extensive data of various kinds, permits a more comprehensive accounting of the potential sources of heterogeneity in passive-margin evolution.
One insight from Scotland is the important role of nondenudational thermal events in local resetting or alteration of cooling histories. The importance of burial as a source of localized heating is illustrated by the late Paleozoic and early Mesozoic cooling history, during which postCaledonian intracontinental basins were formed via extension and erosion and subsequently filled by sediment from neighboring highlands (Hall, 1991; Doré et al., 2002; Nielsen et al., 2009; Holford et al., 2010) . While basin formation caused burial and heating at many locations across the Highlands, some areas, such as the Loch Laggan study site, remained elevated, escaping postorogenic burial and heating. Another source of localized heating in northwest Scotland was magmatism and underplating. Paleogene heating was confined to regions surrounding the Paleogene igneous complex (e.g., Anell et al., 2009) , where it clearly impacted the thermal history.
The Northwest Scotland exhumation history also presents a case for intraplate fault reactivation due to far-field tectonic stresses. The short distances over which cooling histories vary may indicate the need for vertical separation along faults. The two major faults in the study area are the Great Glen fault and the Moine thrust (Fig. 3) . Heating associated with Moine thrusting reached maximum temperatures in the Early Devonian (Johnson et al., 1985) , and to our knowledge there has been no evidence found suggesting postorogenic reactivation of the Moine thrust. Alternatively, there is evidence that the Great Glen fault experienced Carboniferous to Permian and Cenozoic reactivation (Jolivet, 2007; Le Breton et al., 2013) . AHe ages from near (i.e., <7 km) the Great Glen fault, both on the east side at Ben Nevis and the west side at Invergarry, as well as farther to the west of the fault at Invershiel, Glenfinnan, and Cluanie, all record a period of Carboniferous to Permian reheating, while the Loch Laggan site (~23 km southeast of the Great Glen fault) did not. If the Carboniferous to Permian sedimentary basins only formed near the reactivated Great Glen fault and to the northwest of it, this could have allowed for heating of some study sites while leaving the Loch Laggan site unburied. This could result from relative downward motion on the northwestern side of the fault and relative upward motion on the southeastern side. Such late Paleozoic independent motions of crustal blocks, possibly partitioned along secondary faults near the Great Glen corridor, have been previously suggested by Jolivet (2007) .
Cenozoic exhumation on the Isle of Skye and Invershiel, expressed in features such as the Paleogene-Neogene scarp that exists along the Atlantic coast from the Cuillins to Cape Wrath as a result of warping of Scotland's Atlantic margin ( Fig. 2 ; Hall and Bishop, 2002) , may have been driven by Cenozoic intraplate compression inboard of the Mid-Atlantic Ridge and Alpine orogen (Hall and Bishop, 2002; Jolivet, 2007; Holford et al., 2010) . Such intraplate compression has also been attributed to Cenozoic reactivation of the Great Glen fault (Le Breton et al., 2013) .
Climate-driven spatial variation in denudation may represent an additional source of heterogeneity in the cooling history of northwest Scotland, although this does not appear to have influenced the differential cooling histories we observed in our study areas. The topographic history of the region is not known, but the topography is consistent with spatially variable glacial erosion, as some regions exhibit rounded, low-relief forms, and others exhibit deep glacial valleys and sharp intervening ridges (e.g., Sugden, 1968; Hall and Sugden, 1987; Jansen et al., 2011; Fabel et al., 2012; Whitbread et al., 2015; Fame et al., 2018) . The degree to which glaciers modified the landscape likely depended on local preglacial topography (mean elevation and relief), lithology, and ice dynamics (e.g., Hall and Sugden, 1987; Kirkbride and Matthews, 1997; Hall et al., 2013) . Given that these factors differ across the study area, it is likely that the magnitude of late Cenozoic glacially driven denudation was spatially variable, thus representing another potential cause of heterogeneity in the evolution of this passive margin. Although our data do not capture such a signal, they are still valuable in showing that the total magnitude of late Cenozoic glacial denudation was limited to much less than 1 km. This indicates that onset of glacial climate was much less of a factor in altering evolution of this passive margin than tectonics.
CONCLUSIONS
The history of Scotland's passive margin can be interpreted as resulting from multiple stages of postorogenic burial and exhumation that were spatially heterogeneous over short distances (~20-100 km). Apparent AHe ages taken from seven field sites range from 31.2 ± 5.2 Ma to 363.4 ± 31.4 Ma (Table 1; Fig. 3 ) within ~100 km across the western Scottish Highlands (Figs. 2 and 3) . Thermal modeling indicates that these data require different combinations of post-Caledonian heating and cooling events occurring in the (1) late Paleozoic to early Mesozoic, (2) Late Jurassic to Early Cretaceous, (3) Late Cretaceous, (4) Paleogene, and (5) Neogene ( Fig. 6 ; Table 2 ). The short distances over which other periods of heterogeneous burial and exhumation vary indicate the influence of vertical separation along the Great Glen fault, margin tilting during rifting, and far-field effects of Alpine compression. Emplacement of the Paleogene igneous complex can locally explain Paleogene heating and cooling events. Varying magnitudes of low to moderate (i.e., <1 km) total Cenozoic exhumation across the study area suggest that the onset of glacial climate in the late Cenozoic and preexisting paleotopography may also have been factors in controlling exhumation of Scotland's passive margin. Our results, which build on the already extensive constraints for the thermal evolution of this region, provide new insights into the importance of spatially heterogeneous intracontinental basin formation and exhumation across reactivated faults in the postorogenic thermal evolution of passive margins.
